Introduction
GNSS (Global Navigation Satellite System) positioning technology has been utilized for surveying engineering, satellite geodesy and navigation in Taiwan. However, the performances of GNSS receivers need to correspond with the accuracy. In order to ensure the positioning precision and to correspond the ISO (International Organization for Standardization) requirement, the calibration of GNSS receivers are becoming more important [1] . The quality control and quality assurance standards of ISO 9000 emphasizes that the testing, measuring and verifying equipment (including testing software) should be controlled, calibrated and maintained [2] . Measuring equipment should have metrological characteristics as required for the intended use (for example accuracy, stability, range and resolution) [3] . ISO/IEC Guide 17025 states that the laboratory report should cover the uncertainty of calibration and testing results [4] . To ensure the measurement quality for ISO requirement, the traceability of calibration has been important to many fields of applications. In Taiwan, the GNSS calibration system has already been constructed by NML (National Measurement Laboratory, Taiwan) to provide calibration services for GNSS receivers. The ISO method [5] is adopted to calculate the uncertainty of the GNSS calibration system for describing the calibration results.
GNSS measurement system
The GNSS calibration network is composed of ultra-short baselines. The coordinates of calibration base points referred to the reference frame of ITRF (International Terrestrial Reference Frame). The distances of standard baselines and coordinates of calibration base points of ITRF are analyzed by GNSS positioning units, they are described as follows: × D, D is distance [6] . Chock-ring antenna which can reduce multipath effect. Precise instrument MET3A meteorological unit record temperature, relative humidity and pressure automatically. With those units can be improved the accuracy of GNSS positioning [7] . Moreover, the static relative positioning of middle distance, we chose TWTF as a base station which is maintained by the NSTFL (National Standard Time and Frequency Laboratory, Taiwan).
GNSS positioning is using known coordinates of satellites to calculate the distances from satellites to receivers and using the distances to calculate the unknown coordinates. Using time measurements can determinate the pseudo range from satellites to receivers, or using phase ambiguity can determinate the distances that carriers passed by. Coordinates of satellites can have from broadcast orbits from GNSS satellites signal, or download higher precision satellites ephemeris from IGS website [8] . Moreover, the Bernese version 5.0 software, which is developed by AIUB (Institute of Astronomy, University of Berne) to calculate the 3D coordinates.
The AOA BenchMark GNSS receiver is adopted at station TNML and its internal frequency is traced to the NSTFL. The frequency stability, expressed as a modified Allan deviation in Figure  3 . The results of time offset was around 7.1×10 −9 second and frequency offset was 4.9 × 10 -14 after linear analyzing.. The frequency stability of the external rubidium oscillator is approximately at the 10 −13 level [9] . The main function of the GNSS calibration network is to determine the referential ITRF coordinates. Figure 4 presents the traceability chart and the ITRF coordinates are determined by GNSS positioning units. 
Uncertainty analysis
Following the evaluation method recommended by ISO, all the error sources shall be classified into type A and type B. Type A is evaluated by the statistical method and type B by other methods. Both evaluations are based on hypothetical probability distribution. All the estimated standard uncertainties are then combined to the combined standard uncertainty. The coverage factor and the expanded uncertainty are determined at the 95 % level of confidence. The error sources and the expanded uncertainties of the calibration results are analyzed as follow:
Modeling the measurement equation
The difference (C 1 ) between the indication of instrument under calibration (L m ) and the reference value of working standard (L r ) is expressed as
where L m is the indication of instrument under calibration, L r is the reference value of working standard, and C 1 is the difference between measurement and reference.
According to the equation, the standard uncertainty u(C 1 ) is expressed as
where u(L r ) is the standard uncertainty of reference value, and u(L m ) is the standard uncertainty of measurement. 
Uncertainty in coordinates of

Standard uncertainty of centering and levelling u(x 2 ):
We utilized the forced centering device to set up the GNSS antenna and the maximum 1D error was about 0.5 mm [10] .
When it comes to the distribution, the rectangular was considered and the 1D standard 
Standard uncertainty of GNSS receiver frequency u(x 3 ):
The AOA BenchMark receiver is adopted at station TNML and its internal frequency is traced to the NSTFL. The frequency stability, expressed as a modified Allan deviation, nominal specifications is less than 10 −12 [11] . The frequency stability of the external rubidium oscillator is 10
. The 1D error from the frequency stability for GNSS positioning is obtained to be about 2 mm + 0.002 × 10 
Standard uncertainty of phase center offset and variation u(x 4 ):
The 1D error from the offset and variation of the antenna's phase center is around 0.1 mm after correction [12] . When it comes to the distribution, the rectangular was also considered and the 1D standard uncertainty was obtained as u( x 4 Table 3 presents the uncertainties of coordinates of the ultra-short distance network (NML3, 4, 5, 6, 7 relative to TNML). The effective number of degrees of freedom ν eff(C1) is determined by the Welch-Satterthwaite formula [14] v eff (C 1) = (u C (C1)) 4 / ( 
Combined standard uncertainty in coordinates of the ultra-short distance network
The sources of error are assumed to be independence. The effective number of degrees of freedom ν eff(C2) is determined by the Welch-Satterthwaite formula 
Expanded uncertainty in coordinates of TNML
At the 95 % confidence level, the coverage factor k 1 is 1.99 when the effective degrees of freedom ν eff(C1) is 73. The 1D expanded uncertainty U 1 is equal to the coverage factor k 1 multiplied by the 1D combined standard uncertainty U 1 = k 1 × u c (C 1 ). Furthermore, the 1D expanded uncertainty of reference station TNML is U 1 = 1.99 × 7.5 = 14.9 mm at the 95 % confidence level. At the 95 % confidence level, the 3D coverage factor k 1_3D is equal to 2.79 (issued by Federal Geodetic Control Committee in America [15] ). Therefore, at the 95 % confidence level, the 3D expanded uncertainty of the reference station TNML is U 1_3D = k 1_3D × u c (C 1 ) = 2.79 × 7.5 = 20.9 mm.
Expanded uncertainty in coordinates of the ultra-short distance network
At the 95 % confidence level, the coverage factor k 2 is 2.03 when the effective degrees of freedom ν eff(C2) is 33. The 1D expanded uncertainty U 2 is equal to the coverage factor k 2 multiplied by the 1D combined standard uncertainty U 2 = k 2 × u c (C 2 ). Furthermore, the 1D expanded uncertainty of points NML3, 4, 5, 6, 7, relative to the reference station TNML is U 2 = 2.03 × 1.7 = 3.5 mm at the 95 % confidence level. The 3D coverage factor k 2_3D is equal to 2.79 [15] at the 95 % confidence level. Therefore, the 3D expanded uncertainty of points NML3, 4, 5, 6, 7, relative to the reference station TNML is U 2_3D = k 2_3D × u c (C 2 ) = 2.79 × 1.7 = 4.8 mm at the 95 % confidence level.
Measurement assurance program
The analysis of uncertainty in measurement of GNSS static and kinematic positioning calibration system is according to the "Guide to the Expression of Uncertainty in Measurement" published by ISO and has been discusssed in chapter 4. The measurement assurance program designed a process using a set of checking parameters and measurement control charts. The approach of measurement assurance program was recommended by SP676-II [16] published by National Institute of Standards and Technology (NIST) in U.S.A.
Quality assurance design
There are two units to check: (1) checking the accuracy of the coordinates of fixed station TNML, and (2) the accuracy of the slope distances of the ultra-short distance network.
Analysis of the coordinates of fixed station TNML
Data from four IGS tracking stations (USUD, GUAM, NTUS and WUHN) were obtained every day for whole year. The 3D coordinates of TNML are calculated for daily solutions over one year. The mean and the standard deviation values are obtained. The standard deviation is as the control parameter and to monitor the accuracy of the measurement system.
Analysis of the slope distances of the ultra-short distance network
The slope distances of calibration pillars NML 3, 4, 5, 6 and 7 were measured using GNSS receivers. Besides, processing the data associated with station TNML using Bernese software yielded relative distances and the standard deviation was computed.
Parameters and control chart
Measurements were taken periodically using the procedure mentioned previous section. The checking parameters include the arithmetic mean (A c ), upper control limit (UCL), and lower control limit (LCL). The coverage factor is 3.0 at the 99.7% confidence level. Every control chart should renew at least every year. 
Conclusion
This chapter describes the procedures of the calibration for the GNSS receivers by using the GNSS ultra-short baselines calibration network and the precise GNSS positioning units. The main purposes are describing the error sources caused by the calibration procedure of the GNSS receivers and analyzing the uncertainties of the calibration system. The evaluated uncertainties include measurement repeatability, centering and levelling, phase center offset, satellite orbit and the correction for atmospheric delay. The other errors such as human and material resources did not discussed here. The uncertainties evaluations of the calibration system are according to the "Guide to the Expression of Uncertainty in Measurement" published by the ISO.
The ISO method is adopted to calculate the expanded uncertainty of the calibrating network for GNSS calibration system. At the 95% confidence level, the 3D expanded uncertainty of the reference station TNML is around 20.9 mm. The 3D expanded uncertainties of the ultra-short distance network are obtained to be approximately 4.8 mm in relative to the reference station TNML. The example of the calibration report please refers the appendix. We believe the precision of the calibration system is enough to evaluate the performance of the geodetic GNSS receivers and to ensure the precision of the regional users. This method can check the quality of GNSS receivers in time. Following the standard operating procedure, the accuracy of the GNSS positioning can be ensured for accommodating the ISO requirement.
